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ABSTRACT OF THE DISCLOSURE 

A biomedical nuclear radiation detecting probe for use 
in vivo comprising a semi-conductor diode of tbt junction 
type fabricated 'from high resistivity silicon crystal.. The 15 
P-type conductivity crystal is bulict-siapcd. and the junc- 
tion is formed by diffusion of phosphorous over the nose 
end of the crystal. A silver casing is sleeved over the 
crystal with only the diffused nose of the crystal pro- 
truding therefrom. A miniature coaxial cable extends 20 
through the back of the casing in hermetic sealing rela- 
tion therewith. The ground lead connects with the casing 
which is coupled to the N-lype phosphorous. The bore ©L 
the casing adjacent ihc electrical connection to the P-type 
region of the crystal is filled with a non-oxidizing gas. For 2: 
operation, a reverse voltage bias is applied to the P-N 
junction whereby penetrating radiation gives rise id volt- 
age pulses which are conduclible by the cable to appro- 
priate recording apparatus^ 


The invention described herein was made in the per- 
formance of work under a NASA contract and is subject 
to the provisions of Section 305 of the National Aero- 
nautics and Space Act of J958, Public Law 85-568 (72 35 
Slat. 435, 42 U.S.C. 2457). 

This invention relates to a medical detecting probe and 
more particularly to a semiconductor • nuclear ' radiation 
detector and to methods of fabricating the same. 

In the fields of medical and biological research there is 40 
need for a radiation dosimeter which can be used in vivo. 

As ah example, in determining radiation damage to body 
tissues, a measurement of the incident radiation by ex- 
ternal dosimeters does not accurately indicate dose level 
within the radiated cells because the greater radiation dam- 45 
age is caused by photoelectrons and knock-on protons. 
Consequently, in determining radiation damage, dosim- 
eters are heeded which can be used in vivo to provide 
realistic readings of the spatial arid, energy distributions 
of radiant electrons and protons. Such dosimeters are also 60 
needed to obtain measurements of the nature and concen- 
tration of radioactive tracers in the body when such meth- 
ods are used for diagnosis or treatment 

There are a variety of radiation dosimeters in current 
use which operate in accordance with .such well known 65 
principles as radiothef moluminescence, ionization of gases, 
photographic emulsion techniques, and others. These* how- 
ever, ai*e primarily adapted for use externally of the 
body arid are unsatisfactory for use in vivo. Although 
chemical dosimeters have been proposed for use in vivo, 
these are able to measure the amount of energy absorbed, 
but do not indicate the rate Of absorption or the number 
of particles absorbed, and are therefore only partially 
satisfactory: While semiconductor type detectors have ^ 
been Considered for uie in viyo. many problems have 
precluded their development. Some of the difficult prob- 
lems are die devising, of a shape and stlructure which 
would make the detector suitable for insertion into the 
body, and packaging of the device in a manner suitable 70 
to protect the semiconductor junction from attack by 
body liquids. Other problems relate to the reduction of 


leakage currents in order to maintain a reasonable signal- 
to-noisc ratio in the recording apparatus and the fabri- 
cation of the device in an economical and efficient manner. 

The detector of this invention which has been devised 
to overcome these problems is in the form of a slim medi- 
cal probe which Is adapted for easy insertion into the 
body tissue. The detecting element of the probe is a 
semiconductor diode of the junction type which is fabri- 
cated from a high resistivity .silicon crystal doped with 
F-typc impurities. The crystal is shaped in the form of a 
bullet, and the P-N type junction in the crystal is formed 
by the diffusion of phosphorous over the nose and surface 
of the crystal. The crystal is supported by a silver casing 
which is sleeved over the crystal with the nose of the 
crystal protruding therefrom, and connects with the N- 
type phosphorous and the ground lead for the detector. 
The lead to the P-type silicon is disposed within the 
casing itself, and the two leads arc formed into a minia^ 
lure coaxial cable which extends through the back of the 
cylindrical casing in hermetic scaling relationship there- 
with. The additional hermetic seal which is provided \x> 
tween the crystal and silver casing *ind the provision of a 
cable insulation which is impervious to body fluids protect 
the junction from attack by body liquids. For operation of 
the probe, reverse Bias is applied to the P-N junction, and 
radiation penetrating the junction gives rise to voltage 
pulses which are conducted to recording apparatus via 
the coaxial cable. . 

In an alternate embodiment suitable for a probe with 
less than 1 mm. diameter, the silicon crystal is provided 
wj;h a flat detecting surface, and a twin conductor cable 
is used. The lead from the P-type silicon is a gold wire 
attached by therm ©compression bonding. The noise level 
with this embodiment is normally higher than that of the 
rounded, nose detector, but its smaller size lends it utility 
m special situations. 

In fabric tiling the probe a silicon cryst al doped with 
P-type impurities is shaped into bullet form for the bullet- 
shaped probe, or in the. form of an elongate cylinder in 
an alternate * embodiment of the probe, and a layer of 
phosphorous doping material is deeply diffused over the 
nose and sides of the crystal. The thick diffused layer is 
then removed from the crystal nose and a second phos- 
phorous diffusion Is applied to the nose to provide a thin 
window, as Is necessary for detection of the heavier 
charged nuclear particles: 

A layer of nickel is then plated over the deep phos- 
. phorous diffused layer on the sides of the crystal to pro- 
vide attachment means for subsequently soldering the 
unit to the silver casing. 

To connect an electrical lead to the detector, a small 
diameter bore is col in an axial direction into the silicon 
bullet from the back surface thereof for reciving a tubular 
aluminum slug. A nickel wire inserted in the slug pro^ 
vjdes a lead from the detector. Aluminum is then alloyed 
Into the back portion of the silicon bullet to form a P+. 
contact and the hack of the bullet is etched to produce 
a junction with low leakage characteristics. Alternatively, 
the lead to the P-type silicon might be attached by first 
evaporating aluminum to the back surface of the sOicoit 
to provide an ohmic contact and then attaching a* gdi 
wire thereto by thermocompression bonding; 

Other objects and many of the attesdent ad van gt ages 
of this invention will be readily appreciated as the samfc 
become better understood by reference to the. following 
detailed description when considered in connection with * 
the accompanying drawings in which like reference numer- 
als designate like parts throughout the figures thereof arid 
wherein:; 

FIG, 1 is a sectional view of a preferred embodiment of 
the medical probe of this invention;. 

FI<J$. 2A through 2H are schematic cross-section^’ 
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views showing (he various steps used in fabrication of the lions of the solid state detector show signal improvement 

silicon crystal as the nuclear radiation detecting element over that which can be obtained with the gas ionization 

in the probe of FIG. 1; and chamber. Also, the physical size of the silicon detector 

FIG. 3 is a sectional view of an alternate embodiment may be several orders of magnitude smaller than a gas 

of the med’C.al probe of this invention. - 5 ionization chamber singe the range of energy particles 

Referrirg moFC particularly to the drawing^ there is in silicon is measurable in microns a> compared to cenii- 

shown in FIG. 1 a medical probe 10 which is a preferred meters in a gas ionization chamber, 

embodiment of this invention. The probe 10 comprises It is to be noted, however, that fer a iiucaf relationship 

a semiconductor piode v hich is fa oriented from a .dlicon to exist between the pulse height ard particle energy it 

crystal 11. The silicon crystal has a resistivity typically 30 is necessary that the width of -he depiction region in 
in the range of 3,500 to 5,000 ohm cm; and is doped the semiconductor detector be **rc. .cr than the range 

with a P-type impurity such as gallium, or indium. The of the particle in the silicon so th. t ‘ t * incident particle 
crystal is shaped into a bullet form and a P-N junction 'will lose all of its energy within ‘he depletion region, 
is formed by' an even diffusion of phosporous 12 over the 'For the P-N junction under consict vior, the thickness 
nose and the cylindrical surface of the crystal whereby 15 of the depletion layer in microns ua * been determined 
the depletion region associated with the junction extends to be proportional to the product (?V) 1 * where P. is 

a uniform distance inwardly from the crystal surface over the resistivity of the P region in oh n-ce id .meters, and 

which the phosphorous is diffused., The crystal is sup- V is the applied reverse bias voltage. From the above 

ported by a cylindrical casing 15 which is sleeved part approximation it is apparent that th> product should 
way over the crystal with the nose of the crystal pro- 20 be made as large as posable when the detccun is to be 
trading therefrom. An attachment means for a soldering used c c a spectrometer for penetrating pauiffes such at 
connection between the casing and the crystal is provided protons and electrons; . - - ^ : 

by a nickel plating 16 which is laid over the phosphorous The fabrication of a silicon crystal into a semitonductor 

coating at the lower end of the silicon. The soldered con- diode which is usable with the medical probe of .his in- 
nection results in a hermetic seal between :hJ casing and 25 vention is hereinafter described. A silicon crystal is select- 

the silicon which serves to protect the junction against ed for processing which has a resistivity in the range of 

attack by body acids and liquids. The casing is made of 3,500 to 5,000 ohm cm. The crystal is doped with F-type 

coin silver because of its machinability, ease of plating and impurities and the doped crystal is then sliced with a high 

soldering, and its demonstrated resistance to attack by speed diamond impregnated saw to form wafers approxi* 
body acids and body liquid. 30 mately *A inch thick. The wafers are then diced, prefer- 

To provide a lead from the P-type region of d*c detector, ably by an ultrasonic impact grinder, to provide a number 

the crystal is provided with an axial bore 20 which ex- of cylindrical units v of circular cross-section, each of which 

tends axially into the silicon pellet from the bottom end may then be shaped and processed to produce a suitable 

thereof and receives an aluminum slug 21. The slug junction diode. The shaping of one of the cylindrical units 

itself is tubular in form with an axial bore 23 into which 35 of silicon is accomplished by placing the unit on a rotating 
a 16 mil diameter nickel wire 25 is inserted to provide fixture and rounding to bullet shape by applying emory 

a lead. The ground lead is provided by the silver casing cloth to one end of the cylinder as it is rotated about its 

which electrically connects with the N-type phosphorous longitudinal axis, The various steps in the fabrication of a 

and the braided shield 27 of a coaxial cable 28 which is bullet -shaped unit into a finished diode are illustrated in 

inserted through the rear opening of the silver casing with 40' FIGURES 2A to 2F. 

its central wire 29 connected to the nickel lead 25, and As shown in FIG. 2 A, the bullet-shaped silicon Il t i$ 

25, its braided shield soldered to the internal wall of deeply diffused with a layer of phosphorous doping mate- 

the silver casing. The cable conducts \t>H age signals from rial 12 by a diffusion .process which is carried out for a 

the semiconductor d.e tec tor to suitable amplifying and period of sixteen hours at a temperature of 1,200* C. 

recording apparatus (not shown). Tfce casing end is 45 until the depth of diffusion is approximately 50 microns, 
crimped inwardly to cfamp the cable and improve the Since a thick diffused layer is not desirable on the nose 

seal between the cable and casing. An insulating sleeve of the unit which is to be exposed to the radiation, the 

31 is also placed over the junction of the cable conduc- thick diffused layer is removed from. the nose by etching; 

tor 29 and the nickel wire 25 to prevent possible ground- while a wax mask 35 is applied to the sides, and rear Of 

ing against the inner wall of the casing. 50 the unit, as shown in FIG. 2B. A second phosphorous dif- 

In operation of the device, a reverse bias is applied to fusion is then carried out at a temperature of 1,050° C 

the P-N junction which establishes an electric held across until a diffused layer 12 a of approximately one micron 

the junction and controls the depth of the depletion region. thickness is produced on the nose of the silicon, as shown 

The positive space charge due to Ionized donors in the in FIG, 2C, to provide a thin window which is necessary 

phosphorus doped N-type region near the junction and 55 f or the detection of the heavier: charged nuclear particles 
the negative space charge due to ionized acceptors in the such as alpha particles. The deep diffused layer provides 

F-type region near the junction provide a distributed the base for a soldering process hereinafter described, 

dipole layer which resembler the charged parailel-piafe Following the rediffurion, the bottom end of the unit is 

capacitor of the gas ionization chamber. A nuclear radia- Japped off to remove the deep diffusion layer, and the unit 
tion particle, such as an alpha particle, passing through 50 is then mounted in a chuck and a small diameter bore 

this space charge region produces, electron-hole pairs by is cut by aq ultrasonic cutter in an axial direction Into the 

its inelastic collisions with the silicon atoms whereby silicon bullet from the back surface thereof, as shown. la ‘ 
these carriers which are swept apart by the electric field FIG. 20. The thin window and the back of the .detector 

set up by the dipole layer give rise to an electrical pulse axe then mashed, as 'shown in FIG. 2E, and the nigkel 

similar to that obtained in a gas Ionization chamber. 65 plating 16 Is deposited over the deep phosphorous diffused 
There are notable differences; however, in the operation layer to provide attachment means for subsequently solder, 

of a semiconductor detector and that of a gas ionization fng the- unit to the silver case. A tubular aluminum slug 

chamber. On the average, only 3.5 electron volts of inci- 21 is then placed into the diced bore in the silicon bullet 
dent particle energy are required to produce one electron and a 16 mi! diameter nickel wire 25 is inserted into the 

hole pair in silicon, as compared to 32' election volts for 70 bore of the aluminum slug to provide a lead from the 
a typical .gas. Furthermore, the high carrier mobilities and detector, as shown in FIG. 2F. 

drift velocities in silicon, combined with the relative The bullet is then set into a special fixture and subjects 

small width of the depletion region, result in pulses with ed to heating, whereby sintering of the nickel and alloying 
millimicrosecond rise times as compared to a microsecond of the aluminum back contact are carried out at the same 

range for gas chambers. For these reasons, energy jesolu- time. Prefeutbly, during this process step the nickel wire 
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is .Weighed down- to insure adequate alloying during the. 
heating cycle. When the temperature reaches 800* C-, alu- 
minum is alioycd. into the back portion of the silicon 
bullet and nickel is sintered into the sides of the unit. The 
aluminum alloy forms a P-f contact and the sinter pro- 
vides for greater adherence of the nickel to the silicon. 

After the alloying and sintering, the hose and back of 
the bullet are again wax masked, as shown in FIG. 2 G, 
and a second plate of electroless nickel is applied to the 
sides of the probe. The nickel plated ai^a is.- then dipped 
into molten tin as a pre-turning operation. To complete 
the semiconductor portion of the probe, the back end of 
the bullet is etched and protected with epoxy 41 to pro- 
duce a junction with high voltage and Iqw leakage char- 
acteristics *v 

Before inserting the silicon bullet into the silver case 
the entire bullet -is dipped into molten tia preliminary to 
soldering the bullet to the- ease. Since the tin does not wet 
the nose of the bullet, soldering occurs only along the'pre- 
tinned side regions, and a hermetically -sealed joint is 
formed between the case and the silicon bullet. The sub- 
assembly, consisting of the bullet and the lop of the case, 
is then leak tested by inserting the case into a Tygon tube 
having an inner diameter corresponding to the outer diam- 
eter of the bullet, and through which nitrogen under 25 
pounds of pressure is introduced. Any leakage may then 
be readily observed by submerging the unit info a hath of 
methanol. If rhe unit is tight, the junction is coated with 
Dow Corning Silgard and cured at 125* C. for sixteen 
hours. ' 3 0 

The diode is then tested for light sensitivity, and the - 
current- voltage characteristic is observed on a curve ^tracer. 

For a suitable probe, the reverse characteristic must show 
low leakage and 'high voltage breakdown. The forward 
characteristic is also examined -since the properties of the ^ 
contacts to the silicon may be determined from its shape. 

To complete assembly of the probe, the coaxial cable 
is inserted into the back section Ibb of the case, with its 
braided shield soldered to the case and the insulated cen- 
tral wire left in an exposed condition for subsequent at- 4$ 
tachmcnt to the nickel wire protruding from tne. back of 
the silicon bullet. The back part of the case is then filled 
with epoxy 43 and cured at room temperature for.’ twelve 
hours to insure a rugged connection to the central wire 
of the cable and to prevent moisture from entermg the case .45 
through the cable. 

The subassembly comprising the back portion of the 
case is then leak tested in a manner similar to the testing 
.described for the upper portion of the case, after which 
the. unit is ready for final assembly. The ends of the cen- 50 
tral wire of the cable and the nickel wire from the silicon 
bullet are pie-tmed and joined. Using the Teflon tube 31 
as insulation from the sides of the casing. The two sub- 
assemblies are then joined together by spidering the upper 
portion ISa of the casing to the section 15b, to complete 55 
assembly of the unit. With the silicon nose protected by 
means of silastic rubber, the case walls are pre-coated 
with .15 to .20 mil of copper and flashed - with a thin him 
of gold. The completed assembly is then leak tested by 
-dipping into boiling xylene* Examination of the current 50 
voltage characteristics of the unit before and after the 
boiling process reveals the tightness of the unit 
A modified form of the probe oi this invention is shown 
in FIG. ,3. In this probe 5d the silicon pelkfc 51 c.f P-type 
conductivity material is only 1 mm. in diamther. The 
noise level associated with this probe is normally higher 1 
than is. characteristic of the rounded nose detector, but 
its smaller size lends it utility in special situatiehs, as for 
example where a thin probe is necessary for insertion 
into small veins and arteries. The probe 5© is provided 70 
with a thick phosphorous diffusion layer 52 at the sides, .. 
and a thin layer 53 on the point of the probe. The ground 
lead 60o£ the miniature cable $1 is grounded to the Inner 
wall of the silver case 65 which supports the semicon- 
ductor pellet and electrically . connects with the N-type 75 
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material* via nickel plating 66 applied on the sides of the 
pellet. The second conductor 67 ©f the cable connects 
with; a gold wire lead 68 which is thermo-compression 
bonded to the base of the P-type silicon. The gold wire 
lead extends through an annular ceramic disc 70 mounted 
6 in the upper section 50a of the case 50. The case between 
• the ceramic disc and its cable end is filled wi*h epoxy 71, 
and with nitrogen between the disc and pellet to avoid 
oxidation eflcct.s. For the same reason the casing of the 
probe 10 may also be nitrogen filled, or filled with inert 
10 gas. It is also to fee noted that although the probe 50 Is 
shown whh a planar type detecting region 53, it could 
also be made a rounded region, and preferably so for 
omnidirectional detection. 

The fabrication of the probe 50 is substantially similar 
]a to -that for the probe 10. The attachment of the lead to 
the P-type silicon, however, is accomplished by first evap- 
orating aluminum to the back surface of the silicon to 
provide an ohmic contact, and then attaching. a gold wire 
thereto by thermo-compression bonding. The junction 
region of the gold wire and the pellet is then etched and 
protected with epoxy. 

It is to fee noted that in using the probe. 16 a nuclear 
radiation particle will see a depletion region whose depth 
will depend upon the particle’s angle of incidence as weU 
as the ..applied bias. Particular care -should therefore be 
taken s.o that high energy particles will not penetrate the 
depletion region, whh a consequent marked reduction in 
resolution. 

It is also to be noted that the probe described herein 
is designed to.be an Integral part of a coaxial cab^e so 
that input capacitance' to the required signal amplifier 
will be held- to a minimum, which in turn minimizes the 
noise resulting from the configuration. 

Also, because of its shape the probe may be easily in- 
. seried into ^bodies without danger of breaking or chipping, 
and its sensitivity to radiation at various angles of inci- 
dence in terms of signal out and resolution is more uni- 
fnrijt' than Is characteristic of a planar detector^ 

It will therefore be seen that a true internal dosimeter 
is described herein which wilTprovide a realistic' reading 
of beta, proton, and other nuclear particle energy, .and 
a spatial ' distriaiuion that is ako realistic. The device is 
useful in evaluating blood flow problems by insertion into 
veins and. arteries, andjs also adaptable to ’being buried 
around -an organ of the body, such as the brain, l© meas- 
ure the spatial and time pickup of radioactive tracers. 
Furthermore, In the method of fabrication of the device, 
the technique used for encapsulating .the crystal with only 
its sensitive detecting area exposed provides for hermetic 
sealing which prevents degradation of the prp.be- by hostile 
environments. 

It should also be understood that the foregoing dis- 
closure relates only to preferred embodiments of the In- 
vention and that it is intended to. cover all- changes and 
modifications of the examples in the invention herein 
chosen for the purposes of the .disclosure and which do 
not constitute departure from the spirit and scope uf the 
Invention. 

What is claimed and desired to be secured by Letter^ 
Patent is: 

1, A medical - probe lor detecting nuclear radiation in 
vivo,- said probe comprising: 

a semi-conductor diode of the junction type, said diode 
being formed from a silicon crystal of P-type con- 
ductivity having a substantially elongate cylindrical 
shape with a rounded end portion, said crystal is^ 

- eluding an N-type conductivity layer formed by the 
diffusion of a donor impurity material over the cylin- 
drical surface and the rounded- end of the silicon 
crystal to provide a P-N junction within said crystal, 
Said, diffusion being thinly spread’ over said rounded 
end of the crystal* so as to provide a window for 
detection of the heavier nuclear .particles; 
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an eiongate tubular casing of electrically conductive 
corrosion- resist ant material, said semi-conductor db 
ode being mounted and supported in the bore of the 
tubular casing with* only said thinly-spread diffusion 
layer at said one end of the crystal protruding from 5 
the casing; 

connecting means providing an electrical connection 
and a hermetic seal between the casing and the N- 
type layer of tfee crystal p 

an electrical cable- extending into -the bore of said 
tubular easing from the other end. of said casing, 
with a hermetic seal formed between the cable and 


2. A medical nucle.ur radiation Electing probe as de- 
scribed in claim 1 , wherein said miniature cable is cov- 
ered with '. a layer of insulating mat. erial which is chemi- 
cally reliant to attack by body acids and liquids. 

3. A medical nuclear radiation detecting probe as d rc- 
scribed in- claim 1 , wherein the N^typc conductivity region 
of the crystal is formed by the diffusion of phosphorous,. 
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said other end of the casing, said cable comprising 
a pair of electrical conductors with one of said con- 
ductors electrically connected' to the P-lvpc region 35 
of the silicon crystal, and the other of said conductors 
in electrical contact with the tubular casing* with 
the bore of said easing being filled with a non-oxidiz- 
ing gas, whereby said probe constitutes ah integral 
extension of said cable, and when said conductors -20 
arc c -mected to a voltage. source and reverse voltage 
bias applied to said junction said probe is capable 
of generating electric voltage signals upon penetra- 
tion of the P-N junction by nuclear radiation, which 
signals are conductible by said cable to appropriate 25 
recording apparatus. 
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